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Mottled Tohoku (Atp7a Mo-Tohm or MoTohm) is an X-linked mutation with mottled pigmentation in heterozygous (MoTohm/+) females and is
embryonic lethal at E11 in hemizygous (MoTohm/Y) males. Copper levels were low in the brain and high in the intestine of MoTohm mice. Two
congenic strains with ICR or C57BL/6 (B6) background were produced for genetic and phenotypic analyses and revealed thatMoTohm/+ females with
ICR background survived until adulthood, while most with B6 background died within 2 days after birth. The MoTohm/Y males with both
backgrounds died at around E11. Massive hemorrhage was shown in the yolk sac cavity with irregular attachment between the mesoderm and the
endothelial cells of blood vessels in the embryos at E10.5, suggesting that this irregular attachment causes embryonic lethality. TheMoTohm mutant
had a 1440-bp deletion between intron 22 and exon 23 of the Atp7a gene.MoTohm/Y males with the wild-type Atp7a cDNA transgene were rescued
from embryonic lethality, confirming that theMoTohm mutant is caused by the defect in theAtp7a gene. Thismutant mouse is themost severemodel of
human Menkes disease in mottled mice established to date and one of the useful models for understanding the gene function of Menkes disease.
D 2005 Elsevier Inc. All rights reserved.Keywords: Menkes disease; Mottled mouse; Atp7a; Copper deficiency; Yolk sac; Embryonic lethality; TransgeneMenkes disease is an X-linked copper deficiency disorder
that results in death in early childhood. It is characterized by
growth retardation, peculiar hair, hypopigmentation, and
neurological and connective tissue abnormalities [1]. The
inability to metabolize copper in patients with Menkes disease
leads to improper cellular copper accumulation and consequent
deficiency in the activity of copper-dependent enzymes [2].
Mottled mice (Mo) result from X-linked mutations that lead
to a characteristic mottled pigmentation of the coat of the
female heterozygote. They have defective copper metabolism,
which is thought to involve mutations of the murine
homologue of the human Menkes disease gene, ATP7A (or
MNK) [3–5]. So far, more than 30 murine models have been
reported [6,7]. Although these mutations are likely allelic, the
phenotypes of these mice are quite varied, including prenatal0888-7543/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2005.09.011
* Corresponding author. Fax: +81 22 717 8180.
E-mail address: nkasai@mail.tains.tohoku.ac.jp (N. Kasai).lethal of the MoTohm/Y male, a disorder of the central nervous
system that appears 2 weeks after birth, neonatal death, and
milder connective tissue disorders [8,9]. The mottled dappled
mouse (Modp) has skeletal abnormalities and is the most
severely affected, with mutant males dying in utero between 15
and 18 days of gestation [10–12].
In 1994, Atp7a, the murine homologue of the Menkes
disease gene (ATP7A), was isolated and it was shown that the
mottled locus was homologous to the human ATP7A locus and
that brindle and blotchy, the best characterized presumed
alleles of the mottled locus (Mo), were allelic mutations in the
gene [11,13,14]. Mercer et al. [11] demonstrated that the
mottled dappled mutation was caused by an alteration in the
Atp7a locus and a lack of Atp7a mRNA expression.
In 1996, we found female mice with mottled pigmentation
and slow growth in an intercross strain resulting from three
inbred strains: C57BL/6 (B6), C3H/He, and AA. We named
them Mottled Tohoku or MoTohm. Of the five kinds of mottled6) 191 – 199
www.el
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hemizygous (MoTohm/Y) male mice appear to die the earliest,
usually around 11 days of gestation (E11). Here, we report the
genetic and pathologic characterization of the novel mottled
mice, which are more severely affected than any dappled mice
reported to date. It is possible that these mice will disclose the
functional mechanism of the Atp7a gene, its protein, and
copper metabolism in the embryonic stage. Although the allele
name of the mouse is Atp7aMo-Tohm, a synonym, MoTohm, is
used in this paper.
Results
Genetic analyses of MoTohm
The original mice with mottled pigmentation were crossed
with wild-type B6 inbred mice. Of 64 F1 progeny, 21 mice had
mottled pigmentation and the other 43 mice were wild type,
i.e., the ratio of wild type to mottled type was 2 to 1. In
addition, all of the mice with mottled pigmentation were
female, while male mice died in utero, indicating that MoTohm
is an X-linked dominant trait and that the male mutants are in a
hemizygous state with a much more severe phenotype.
For precise analyses of phenotype and genotype, the
original mice were backcrossed to ICR mice and B6 mice
with 12 generations (N12) and 9 generations (N9), respectively.
Heterozygous (MoTohm/+) female mice with the ICR back-
ground were mated with wild-type ICR male mice and their
embryos and pups were analyzed genotypically and phenotyp-
ically (Table 1). Of 120 newborn progeny at birth (P0), 82 were
wild type and 38 were MoTohm/+ females. No MoTohm/Y male
was found, indicating that MoTohm/Y males with the ICRTable 1
Genotypic and phenotypic analysis of MoTohm with ICR background and B6
background
Days of gestation (E) or after birth (P) Number of embryos or pups
Wild type MoTohm/+ MoTohm/Y
ICR background
E9.5 7 4 5
E10.5 15 10 7
E11.5 14 9 12
E12.5 15 8 0
P0 82 38a 0
P2 82 38a 0
B6 background
E9.5 5 3 2
E10.5 22 11 16
E11.5 20 8 1
E12.5 13 6 0
P0 80 38b 0
P2 80 6b 0
MoTohm/+ females with B6 background and ICR background were mated with
wild-type male B6 and ICR mice, respectively, and embryos at days 9.5 to 12.5
of gestation or pups at birth were analyzed genotypically and phenotypically.
a Of 38 heterozygous pups 3 hemorrhaged, but all of the pups survived until
adulthood.
b Of 38 heterozygous pups, 32 hemorrhaged and died within 2 days of birth
Only 6 pups survived until adulthood.background were embryonic lethal. To determine the time of
death of the MoTohm/Y male embryos, different stages of
gestation were analyzed. Up until E11.5, the expected numbers
of MoTohm/Y male embryos were detected in addition to wild-
type or MoTohm/+ female embryos. At E12.5, however, no live
MoTohm/Y male embryo was obtained, versus 15 wild-type and
8 MoTohm/+ female embryos. The MoTohm/+ females survived
up until adulthood with fertility. These results indicate that
MoTohm/+ females with the ICR background survived to adult,
while MoTohm/Y males died at around E11.
The embryos and pups from MoTohm/+ female mice with the
B6 background mated with wild-type B6 male mice were also
analyzed genotypically and phenotypically (Table 1). Of 118
newborn progeny at birth (P0), 80 were wild type and 38 were
MoTohm/+ females. No MoTohm/Y male was found, indicating
that MoTohm/Y males with the B6 background were also
embryonic lethal. The analyses of different stages of gestation
revealed that the expected numbers of MoTohm/Y male embryos
were detected up until E10.5 in addition to wild-type or
MoTohm/+ female embryos. At E11.5, however, only 1 live
MoTohm/Y male embryo was obtained, versus 20 wild-type and
8 MoTohm/+ female embryos. At E12.5, no MoTohm/Y male
embryo was obtained. Moreover, 32 of 38 (84.2%) MoTohm/+
females died within 2 days after birth, while 6 of 38 (15.8%)
survived until adulthood. These results indicate that MoTohm/Y
males with the B6 background died at around E11, while a
small number of MoTohm/+ females survived until adulthood.
For further experimentation, we used the MoTohm/+ females
with the B6 background and their progeny.
Quantification of copper and histology of MoTohm/+ female
mice with the B6 background
The copper content was significantly lower in the brains of
MoTohm/+ female mice with the B6 background at 4 weeks of age
than in wild-type mice (1.23 T 0.24 vs 2.66 T 0.26 Ag/g, p <
0.001). Conversely, the copper content tended to increase in the
intestine ofMoTohm/+ female mice compared with the wild type
(2.39 T 0.5 vs 1.73 T 0.42 Ag/g) although the difference was not
significant.
To evaluate the involvement of apoptosis in neurodegenera-
tion in MoTohm mice with the B6 background, we studied the
morphology of the brains of MoTohm/+ females, which show a
motor disorder and slow growth at the age of 15 days, which
corresponds to the critical postnatal period before death.
Sections of brain, including the cerebral cortex, cerebellum,
Purkinje cells, and Ammon’s horn, were stained using
hematoxylin-eosin. This revealed many cells with the morpho-
logical features of apoptosis, i.e., typical eosinophilic cyto-
plasm and condensed nuclei in the cerebral cortex, excluding
the molecular layer (Fig. 1A), the granular layer of the
cerebellum (Fig. 1C), Purkinje cells with a small amount of
cytoplasm and apoptotic bodies, and Ammon’s horn (data not
shown). To establish better whether dead cells were apoptotic,
we also applied the terminal deoxynucleotidyl transferase
(TdT)-mediated digoxigenin-deoxyuridine triphosphate (DIG-
dUTP) nick end labeling (TUNEL) protocol to alternate
Fig. 1. Apoptotic cells in brain sections of MoTohm mice. (A, B) The cerebral cortex and (C, D) granular layer of the cerebellum of a MoTohm/+ female were stained
with hematoxylin and eosin (A, C) or TUNEL (B, D). Arrowheads show apoptotic cells such as eosinophilic cytoplasm and condensed nuclei (A) and TUNEL-
positive nuclei (B, D). Scale bar, 50 Am.
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cerebral cortex (Fig. 1B), granular layer of the cerebellum
(Fig. 1D), and Ammon’s horn (data not shown). By contrast,
there was no apoptosis in the brains of wild-type mice.
Pathologic analyses of MoTohm with the B6 background
MoTohm/+ female mice with the B6 background were
analyzed phenotypically. Of 38 MoTohm/+ female mouse pups
at P0, 32 pups had hemorrhages involving the shoulder, upper
extremity (leg), and head and died 2 days after birth (P2 with
B6 background in Table 1). The elastin in the descending aorta
from 1-day-old pups was stained using modified Masson
Goldner’s stain (Fig. 2). Much fragmented elastin was
observed in MoTohm/+ females (white arrow in Fig. 2B).
Most of the MoTohm/Y embryos that died between E10.5 and
E11.5 showed massive hemorrhage and blood cells in the yolkFig. 2. Elastin disorder of the descending aorta ofMoTohm mice. Elastin fibers (white
(A) Wild-type control mouse; (B) MoTohm/+ female. Scale bar, 40 Am.sac cavity, but not the embryo proper, indicating that hemor-
rhage occurred from the yolk sac vessels (Fig. 3A). To examine
blood vessels, whole-mount immunostaining was performed
with anti-PECAM-1 antibody, a marker of vessel endothelial
cells (Fig. 3B). Hypoplasia and arrested development of blood
vessels were found in the yolk sac. A remodeling defect was
also seen in vessels of two of the four yolk sacs examined. The
sections of the yolk sacs of five embryos at E10.5 were stained
using hematoxylin–eosin (H&E) or antibody against type I
collagen. H&E staining showed irregular attachment between
the mesoderm (VM) and the endothelial cells (EC) in the
MoTohm/Y yolk sacs, but not in wild-type yolk sacs (Figs. 3C
and 3D). TheMoTohm/Y yolk sacs were immunostained strongly
with antibody against type I collagen, showing a disrupted
staining pattern (Figs. 3E and 3F).
In wild-type embryos at E10.5, electron microscopy
showed regularly distributed VM, endoderm, and EC, witharrows) of 1-day-old mice were stained using modified Masson Goldner’s stain.
Fig. 3. Histology of the yolk sac. (A) The yolk sac of MoTohm/Y E10.5 embryo stained using hematoxylin and eosin. The arrow shows a hemorrhage from a yolk sac
vessel. (B) The yolk sacs of wild-type (right) andMoTohm/Y (left) embryos at E10.5 were immunostained using PECAM-1 antibody. (C, E) Sections of wild-type and
(D, F) MoTohm/Y yolk sacs at E10.5 were stained with hematoxylin and eosin (C, D) or anti-mouse collagen type I antibody (E, F). Arrowheads show the irregular
attachment. VM, mesoderm; VN, endoderm; EC, endothelial cells. Scale bars in A and B, 2 mm. Scale bars in C–F, 20 Am.
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4A, 4C, and 4E). Individual cells were either spindle-shaped
or elliptical. By contrast, the cells of the MoTohm/Y yolk sac at
E10.5 were irregularly shaped, as were their nuclear features
(Figs. 4B, 4D, and 4F). In addition, the distribution of
collagen fiber was haphazard, which probably reflected the
irregular distribution of type I collagen seen on light
microscopy.
Mutation analyses of the Atp7a gene of MoTohm mice
To analyze the mutations at the Atp7a locus of MoTohm
mice, eight pairs of primers were designed to encompass the
entire Atp7a coding region, and each fragment was amplified
using RT-PCR. The first six fragments from the 5V end were
amplified regardless of the presence of the mutation, while the
last two fragments, i.e., the primer pair MK3603 (5V-CC-
GGGAATGGATGATTAGAA-3V) and MK4321 (5V-TCC-
GGGGATGCAACTCATAA-3V) and the primer pair MK3603
(5V-CCGGGAATGGATGATTAGAA-3V) and MK4748 (5V-
CTCCTGCCCTGAGAAAGATA-3V), were not amplified in
MoTohm mice. This indicated that the MoTohm mice had a
deletion mutation at the 3V end of the coding region. Next, weperformed inverse PCR to identify the mutation in the Atp7a
genomic DNA of MoTohm mice. We found 2.2- and 3.6-kb
bands in MoTohm/Y males and wild-type mice, respectively
(Fig. 5A), indicating that approximately 1.4 kb had been
deleted from the genomic DNA of the MoTohm mouse.
Furthermore, we sequenced these two bands and identified a
1440-bp deletion between intron 22 and exon 23 of the Atp7a
genomic DNA. We also observed that the Atp7a cDNA of the
MoTohm mouse was about 500 bp shorter than that of wild-type
mice (Fig. 5B).
On Northern blot analysis of MoTohm mouse embryos, the
strength of the 8.3-kb Atp7a mRNA signal was markedly
reduced in MoTohm/Y embryos compared to wild-type or
MoTohm/+ mice at the same gestation age (Fig. 5C), indicating
that transcription was not completely defective in this mutant
mouse.
We compared the DNA sequences near the deleted region
of cDNA and genomic DNA of MoTohm/Y and wild-type
mice and found that intron 22 is transcribed to mRNA in
MoTohm/Y mice because of a deletion of the splice acceptor
site between intron 22 and exon 23 in the genomic DNA
(Fig. 6). As a result, the 5V splice donor site of exon 22 and
the following 4 bases of intron 22, GTGA, remain and are
Fig. 4. Electron microscopic examination of the yolk sac. (B, D, F) A MoTohm/Y yolk sac at E10.5 shows morphologically abnormal cells (B, arrowheads) and cell
nuclei (D, arrowheads) in the mesoderm. The extracellular matrix is morphologically abnormal (F, arrowhead) and distributed unevenly (F, arrow). (A, C, E) Awild-
type yolk sac is used as a normal control. VM, mesoderm; VN, endoderm; EC, endothelial cells. Scale bar, 1 Am.
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these 4 bases of intron 22; consequently, translation from
mRNA to protein is thought to cease at the 1401 leucine,
resulting in the deletion of 91 amino acids of the C-terminal
region [15]. Consequently, only 2 amino acids of the C-
terminal region following the eighth transmembrane domain
are translated in the cytosol.
Expression of a transgene encoding the wild-type Atp7a gene
rescues the embryonic lethal mutation
To confirm whether deletion of the Atp7a gene in MoTohm/Y
mice causes the very early embryo death, wild-type Atp7a
cDNA was introduced into fertilized eggs of wild-type B6
mice. Male mice with the Atp7a cDNA transgene were mated
with MoTohm/+ female mice with the B6 background, and the
genotypes of embryos at E18.5 and pups at birth were
determined using PCR (Table 2). Eight hemizygotes with the
transgene were found in embryos or pups that survived until
E18.5 or birth, respectively. By contrast, no MoTohm/Y male
mouse lacking the transgene was obtained at these times. This
indicated that introducing the wild-type Atp7a cDNA rescued
the hemizygotes from death at E10.5, and the embryonic
lethality was caused solely by a loss-of-function mutation in
the Atp7a gene.Discussion
In this study, we demonstrated that the MoTohm/Y male mice
with both ICR and B6 background died at around E11. On the
other hand, all of the MoTohm/+ females with the ICR
background survived until adulthood while only one-sixth of
the MoTohm/+ females with the B6 background survived until
adulthood and others died within 2 days of birth. In addition,
wild-type Atp7a cDNA rescued the MoTohm/Y males from
death at around E11. The results indicated that the embryonic
lethality was caused solely by a loss-of-function mutation in
the Atp7a gene, and the MoTohm/Y males were more severely
affected than any dappled mice reported to date, while the
severity of the MoTohm/+ females was different due to the
genetic background.
Recently, it has been reported that the phenotypes of
spontaneous mutant mice or genetically altered mice differed
due to the genetic background. Therefore, we generated two
types of congenic strain of MoTohm mice, ICR background and
B6 background. The results revealed that the MoTohm/+ females
with ICR background survived up until adulthood with fertility,
while most of those with B6 background died within 2 days
after birth. The early embryonic death of the MoTohm/Y males
was also influenced by genetic background. Namely, most of
the MoTohm/Y males with B6 background survived until E10.5,
Table 2
Recovering the phenotype by introducing the wild-type Atp7 gene
Age of embryos
or pups (day)
N Number of surviving pups or embryos
Wild type MoTohm/+ MoTohm/Y
Tg(+) Tg() Tg(+) Tg() Tg(+) Tg()
E18.5 10 2 5 1 0 2 0
P0 36 11 11 3 5 6 0
The wild-type Atp7a cDNAwas introduced into fertilized eggs of wild-type B6
mice, and transgenic male mice were mated with MoTohm/+ female mice with
the B6 background. Embryos or pups were analyzed in the same way as
described for Table 1. N, total number of embryos or pups used for analyses
Tg(+), transgenic mice; Tg(), nontransgenic mice.
Fig. 5. Analyses of the Atp7a gene of MoTohm mice. (A) Inverse PCR of Atp7a
genomic DNA. Lane 1, wild-type male; lane 2, MoTohm/Y male. M, molecular
markers. (B) PCR of Atp7a cDNA. Lane 1, wild-type male; lane 2, MoTohm/Y
male. M, molecular markers. (C) Northern blot analysis of E10.5 embryos of
MoTohm mice. Total RNA was applied to each lane. Lane 1, wild-type male;
lane 2, wild-type female; lanes 3 and 4, MoTohm/+ mice; lanes 5 and 6, MoTohm/
Y mice. G3PDH was detected as a control.
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al. showed that when the two kinds of inbred strain were fed a
diet with low copper content, the B6 offspring did not survive
the suckling period, in contrast to C3H/HeJ mice, although the
copper contents were not different in the organs of both strains
[16]. We also confirmed that B6 mice fed low copper diet died
within 3 weeks after birth, with many apoptotic cells in the
cerebral cortex, the thalamus, and Ammon’s horn in their
brains, similar to the pathology of Menkes disease (data notFig. 6. Schematic representation of Atp7a mRNA splicing in MoTohm mice. (A) Wild type: exons 22 and 23 are spliced individually and connected to each other in
the wild-type Atp7a genome DNA. (B) MoTohm mice: due to a defect in splicing of the acceptor site in exon 23, a part of intron 22 is spliced in addition to exon 22
Furthermore, the 5V site of exon 23 cannot be spliced. The shaded area is the unspliced region.;described). This phenomenon suggested that the difference in
survival rate in the MoTohm/+ females between the ICR
background and the B6 background might be caused by high
susceptibility to dietary copper deficiency in B6 mice.
We found that MoTohm mice had a 1440-bp deletion in the
nucleotide sequence involving intron 22 and exon 23 of the
Atp7a gene, which led to aberrant mRNA splicing and
transcription, and a probable 91-amino-acid deletion involving
most of the cytoplasmic domain of the C-terminal region of a
copper-transporting P-type ATPase [13,14]. It was revealed by
cell experiments that there were three dileucine motifs in this
C-terminal region, and the L1487/L1488 dileucine motif was
necessary for internalization of Atp7a protein from the plasma
membrane to the trans-Golgi network but not for copper efflux
[17]. With regard to humans, Dagenais et al. reported that a
frameshift mutation in exon 23 of ATP7A leading to a lack of
L1487/L1488 in ATP7A resulted in occipital horn syndrome, a
milder phenotype than Menkes disease [18]. However, the C-
terminal region containing the L1487/L1488 dileucine motif
seems to be important for normal folding or stabilization of
ATP7A protein because the lack of it resulted in 100-fold
reduction of ATP7A protein but not mRNA. In MoTohm mice
we found only a mild reduction of Atp7a mRNA that might be
owing to the deletion of the 3V untranslated region in exon 23.
In addition, we also showed that the introduction of normal
Atp7a cDNA led to the rescue of the MoTohm/Y males from.
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predict that Atp7a expression in the MoTohm mouse is greatly
reduced at the protein level by both a slight reduction of Atp7a
mRNA and a 91-amino-acid deletion in the C-terminal region
of Atp7a protein, and this may lead to the earliest embryonic
lethality reported in mottled mice to date [6,19].
In addition to Atp7a gene mutation, the possibility of a second
mutation contributing to the severity of the phenotype cannot be
denied. If the second mutation exists, we think that it is located on
a site quite near to the Atp7a gene on the same chromosome
because congenic mice backcrossed with normal ICR or B6
strains for 9 to 12 generations were used in this study. This
indicates that the possibility of a second mutation is quite low and
that of an Atp7a gene mutation as the responsible gene for the
severity of the phenotype in the MoTohm mouse is quite high.
So far, more than 30 X-linked mottled mice have been
identified, in which mutations of the Atp7a gene or a reduction
in the Atp7a gene product were reported [6,7,14]. Of those
mottled mice, the most severe phenotype was the prenatal death
seen in Modp male mice, most of which die at 17–18 days of
gestation [10–12]. However, the MoTohm male mice that we
describe had a more severe phenotype than Modp male mice. It
has been demonstrated that the mottled dappled mutation is
caused by an alteration in the Atp7a locus, i.e., a 1.8-kb
deletion of the genomic DNA encompassing the presumed
promoter region and all of exon 1 [19] and the lack of
expression of Atp7a mRNA observed by Northern blot analysis
[11]. But RT-PCR analysis detected Atp7a mRNA in the mouse
[6,19], suggesting it is not a null mutant of Atp7a gene.
Pathological examination revealed that MoTohm/+ female
mice with the B6 background died 1 or 2 days after birth and
showed apoptotic cells in the cerebral cortex, cerebellum,
Purkinje cells, and Ammon’s horn in their brains. Furthermore,
modified Masson Goldner’s stain showed that the elastin fibers
of the descending aorta in MoTohm/+ females were fragmented,
leading to a structural disorder. This may be caused by low
activity of lysyl oxidase, one of the copper-requiring enzymes
that produce crosslinks in collagen and elastin. In addition to
mottled pigmentation of their coats and the X-linked genetic
trait, MoTohm mice have typical histologic and genetic
manifestations of Menkes disease.
As mentioned above, the characteristic distinguishing
MoTohm mice from other mottled mice is the early embryonic
lethality in MoTohm/Y males with both ICR and B6 back-
grounds, i.e., embryonic death at around E11. Therefore, we
examined the cause of embryonic lethality pathologically and
found that the main cause was hemorrhage from the yolk sac
vessels. The histological findings showed hypoplasia, arrested
development, and a remodeling defect in yolk sac blood vessels,
and the structure and integrity of the vasculature were abnormal
inMoTohm male mice. There are several reports of a relationship
between copper homeostasis and the development or remodel-
ing of the blood vessel wall in mice. It has been reported that
Mobr mice, which died postnatally at 2 weeks and were the best
model of Menkes disease, were led to be embryonic lethal at
E11 in the null background of metallothionein (Mt)-1 and Mt-2
genes [20]. The embryonic lethality can be explained by thecopper toxicity in the extraembryonic tissues, such as yolk sac.
Indeed, we confirmed the significant 1.6-fold increase in copper
content in MoTohm/Y yolk sacs with the ICR background at
E11.5 compared to wild-type or MoTohm/+ females (data not
described). Yolk sac defects in MoTohm/Y males might be also
caused by the toxicity of copper accumulation. Furthermore,
Ploplis et al. showed that excess copper induced arterial injury
with characteristics similar to many of the clinical features of
atherosclerosis [21]. In addition, neointima formation and
neovascularization were accelerated in the vascular wall in early
atherosclerosis development. Moriguchi et al. [22] and Pan et al.
[23] described how copper has an important role in angiogenesis
as a cofactor and stimulates the proliferation and migration of
human endothelial cells. Therefore, copper chelators, such as
trientine and tetrathiomolybdate, in addition to d-penicillamine,
suppress tumor growth and angiogenesis. To clarify whether the
vessel abnormality in theMoTohm males is caused by an excess or
shortage of copper, or another cause independent of the copper
content, and to disclose the cause of the early embryonic lethality
of these MoTohm/Y males, further experiments are needed.
In conclusion, we characterized a novel murine mutant model
of Menkes disease,MoTohm, genetically and pathologically. The
mutants had the most severe phenotype reported in any mottled
mice, i.e., embryonic lethality at midgestation in MoTohm/Y
males. This new animal model of Menkes disease should prove
useful for determining the functional mechanism of the Atp7a
gene and its protein and copper metabolism in the embryo.
Materials and methods
Animals
Mutant mice, which we named Mottled Tohoku or MoTohm, arose
spontaneously in an outbred strain at Tohoku University involving three inbred
strains: B6, C3H/He, and AA. For genetic and phenotypic analyses, we
produced the two types of congenic strain by backcrossing females of the
mutant mice with males of the ICR or the B6 strains (ICR.Cg-Atp7aMo-Tohm and
B6.Cg-Atp7aMo-Tohm). After 12 generations for ICR or 9 generations for B6, the
genetic background ofMoTohm was expected to be more than 99.8% ICR or B6.
Mice were housed five or six per cage in air-conditioned animal rooms at an
ambient temperature of 23 T 3-C and relative humidity of 50 T 10%, under a
12-h light/dark cycle. Food (Labo MR standard diet; Nosan Co., Yokohama,
Japan) and water were available ad libitum. All animal care procedures were
approved by the Animal Care and Use Committee, Tohoku University Graduate
School of Medicine, and complied with the procedures in the Guide for the
Care and Use of Laboratory Animals of Tohoku University.
Quantification of copper
Excised tissues were wet mineralized with nitric acid (Kanto Chemical,
Tokyo, Japan) in a Milestone microwave oven. The tissue copper concentra-
tions were measured using inductively coupled plasma mass spectrometry (Elan
5000; Perkin–Elmer, Shelton, CT, USA).
Histological and immunohistochemical analyses
Tissue sections, such as brains or embryos, were removed from mice
immediately on sacrifice and fixed in 0.1 M phosphate buffer (pH 7.4)
containing 4% paraformaldehyde at 4-C overnight and embedded in paraffin.
The paraffin sections were cut 5 Am thick and stained with H&E or modified
Masson Goldner’s stain.
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with anti-mouse collagen type I antibody (Chemicon, Temecula, CA, USA). In
brief, the sections were treated with 0.3% H2O2 in methanol for 30 min,
washed, and incubated with 1:150 diluted anti-mouse collagen type I antibody
in 2% skim milk-containing TBST (140 mM NaCl, 2.7 mM KCl, 250 mM Tris,
0.1% Tween 20) solution at 4-C for 6 h. After washing, the sections were
incubated with 1:200 diluted horseradish peroxidase conjugated with anti-rabbit
immunoglobulin goat polyclonal antibody at 4-C for 2 h and developed with 10
mg DAB (3,3V-diaminobenzidine tetrahydrochloride; Nacalai Tesque, Kyoto,
Japan) and 50 Al H2O2 in 150 ml TBST.
The sections were processed for in situ detection of DNA fragmentation
using TUNEL [24]. In brief, tissue sections were microwaved for 5 min at room
temperature, washed, and incubated with TdT (Invitrogen, Carlsbad, CA, USA)
and DIG–dUTP (Roche Diagnostics, Mannheim, Germany) in TdT buffer (0.2
M potassium cacodylate, 25 mM Tris–HCl, 0.025% bovine serum albumin, 2.5
mM CoCl2, pH 6.6) for 60–90 min at 37-C. Sections were then incubated with
alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics) for 2
h at room temperature, developed with 1 ml of alkaline phosphatase substrate
(4.5 ml nitroblue tetrazolium, 3.5 ml X-phosphate, 100 mM Tris–HCl, 100
mM NaCl, 50 mM NgCl2, pH 9.5) for 60–90 min at room temperature in the
dark, and enclosed with glycerol.
Whole-mount immunohistochemistry of mouse embryos with mouse anti-
PECAM-1 antibody (PharMingen, San Diego, CA, USA) was performed as
follows. Briefly, embryos were fixed with 4% paraformaldehyde in PBS at 4-C
overnight, blocked in TSTM (5% skim milk, 150 mM NaCl, 10 mM Tris, 1.5%
Triton X-100), and incubated with 1:100 diluted mouse anti-PECAM-1 antibody
in TSTM for 2 days at room temperature. The embryos were washed and
incubated with horseradish peroxidase-conjugated goat anti-rat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) in TSTM (1:200
dilution) at 4-C overnight. After being washed, the embryos were incubated
with 0.25 mg/ml DAB (Nacalai Tesque) in TST (150 mM NaCl, 10 mM Tris,
1.5% Triton X-100) for 20 min and then 0.003% H2O2 was added. The stained
embryos were postfixed in 4% paraformaldehyde for 20 min, preserved in PBS
with 0.1% Tween 20 at 4-C, and observed using light microscopy.
Transmission electron microscopy was performed as follows. Yolk sac
membranes were fixed using 1/2 Karnovsky fixing solution (2.5% glutaralde-
hyde, 2% paraformaldehyde) at 4-C for 2 h and then fixed secondarily in 1%
osmic acid. Subsequently, the yolk sac membranes were embedded in epoxy
resin, cut into 85-nm-thick ultrathin sections, and examined with an electron
microscope (H7100; Hitachi, Tokyo, Japan).
Genetic analyses
RT-PCR and sequencing analyses were performed as follows. Total RNA
from embryos was isolated using an Isogen RNA extraction kit (Nippon
Gene, Tokyo, Japan), treated with DNase, and then reverse-transcribed into
cDNA using SuperScript II reverse transcriptase (Invitrogen) and oligo(dT)
primers. Eight primer pairs were designed to cover the entire coding region
of mouse Atp7a. The numbers of primers refer to GenBank U71091 and
U03434. The PCR conditions for primer pair MK263 (5V-AAGAAGCTATC-
GATGACATGGGCTTTGATG-3V) and MK2402 (5V-GGTGTATCAAA-
GAAGGTAATGGGGTTCACT-3V) were as follows: an initial incubation at
94-C for 2 min, followed by 30 PCR cycles of 94-C for 30 s and 68-C for 3
min, and a final incubation at 72-C for 10 min, with LA Taq DNA polymerase
(Takara Shuzo, Kyoto, Japan). The PCR conditions for the other primer pairs
were as follows: 94-C for 2 min; followed by 30 PCR cycles of 94-C for 1 min,
60-C for 1 min, and 72-C for 1 min; with a final extension at 72-C for 7 min,
using AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA,
USA). The RT-PCR products were separated on 1% agarose gels (Nacalai
Tesque) and purified using a GeneClean II kit (BIO 101, Vista, CA, USA). The
sequences were resolved using the direct-sequence method on an ABI310
genetic analyzer (Applied Biosystems).
Inverse PCR was used to amplify the 3V untranslated region of Atp7a [25].
Genomic DNA from wild-type and MoTohm mice was digested with EcoRI and
then self-ligated with a DNA ligation kit (Takara Shuzo). PCR was performed
with LA Taq DNA polymerase and the primer pair MK4223 (5V-CAG-
CAATGGCCGCTTCATCT-3V) and int21 (5V-AACAGTGCCACTCATCA-
CAC-3V). The PCR conditions were as follows: an initial incubation at 94-Cfor 2 min, followed by 30 PCR cycles of 94-C for 2 min and 68-C for 5 min,
with a final extension at 72-C for 10 min. The sequences were determined as
described above.
Genotype analysis of MoTohm was performed as follows. Genomic DNA
was prepared from tail biopsies or embryos using standard SDS/proteinase K
lysis followed by phenol/chloroform extraction. The primer pair MK4223
and mutation lower 1 (5V-ACCTAAACTTGGCTCACTTG-3V) was used to
detect the MoTohm mutation. The PCR conditions are described above. The
embryos were sexed by detecting the testis-determining gene Sry, which is
located on the short arm of the mouse Y chromosome [26]. Northern blot
analysis was performed as described previously [27]. Briefly, 30 Ag of total
RNA from two embryos was electrophoresed on denaturing 1.0% agarose-
formaldehyde gels in 1 Mops and blotted onto Hybond N+ nylon
membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK) accord-
ing to the manufacturer’s instructions. A 0.4-kb fragment, which was
amplified using primer pair MK44 (5V-GGAAACCCAGGAATGTAAAG-3V)
and MK444 (5V-TCTTTGCTGAGGGGAAATCT-3V), was labeled with
[32P]dCTP (Amersham Pharmacia Biotech) using the BcaBEST Labeling
Kit (Takara Shuzo). Hybridization was carried out at 42-C in the presence of
50% deionized formamide, 0.5% SDS, 5 SSC, 5 Denhardt’s solution
(0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinylpyrrolidone), and
0.1 mg/ml denatured salmon sperm DNA. The membrane was exposed and
visualized on a BAS 1500 imaging plate reader (Fuji Film, Tokyo, Japan).
Production of transgenic mice and rescue of the MoTohm phenotype
Total RNAwas prepared from B6 mouse kidney and first-strand cDNAwas
synthesized as described previously [28]. A cDNA encompassing the 4.5-kb
Atp7a coding region was generated by RT-PCR. Its sequence was compared
with several published Atp7a amino acid sequences because of polymorphisms
between various strains of mice [29]. We confirmed that the Atp7a amino acid
sequence that we cloned matched at each of these positions. Next, this full-
length Atp7a cDNA was ligated into the XhoI site of the pCXN expression
vector to create pCXNAtp7a [30], which contained the cytomegalovirus
immediate-early enhancer, chicken h-actin promoter, and rabbit h-globin
polyadenylation signal (CAG promoter, a ubiquitous promoter). pCXNAtp7a
was double digested using SalI and NotI, and the 6.8-kb fragment containing
Atp7a cDNA was isolated using agarose gel electrophoresis, purified using a
GeneClean II Kit (BIO 101), and used as a transgene. The transgene was
microinjected into the pronuclei of the fertilized eggs of B6 mice [31].
Transgenic mice were identified by PCR analysis of mouse-tail DNA using
MT2218 (5V-GTACAGTTTTGTGGCGGCTGGTACTTCTAC-3V) and pCXN
expression vector-specific primer CXN1785 (5V-TATTTGTGAGCCAGGG-
CATT-3V). The PCR conditions were described above and transgene expression
in tissues was examined using RT-PCR with the same primer pair. Male
transgenic mice were mated with MoTohm females with the B6 background. The
genotype and sex of newborn mice and E18.5 embryos were determined by
PCR analysis.
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